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ABSTRACT 

A facility has been developed for testing the leakage and rotordynamic 
characteristics of interstage-seal configurations for the HPFTP (High Pressure 
Fuel Turtopump) of the SSME (Space Shuttle Main Engine) . Axial Reynolds nuitibers 
on ^ realized in the test facility by using a Dupont freon 

fluid called Halon (CBrF^) . The kinematic viscosity of Halon is of the same order 
as the li^d hydrogen used in the HPFTP. Initial testing has focused on the cur- 
rent fli^t configurations (a three-segment, stepped unit) and a convergent-taper 
candidate. ^ 


INTRCOUCTTON 


The HPFTP developnent program e^gerienoed considerable difficulty with sut^ 
synchro^us, uns^le vibration problems [1] . As originally designed, the HPFTP 
c3estructively unstable at running speeds above approximately 
20,000 rpm. The remecfy for this situation consisted of the following steps: 
w! origiml soft bearing carriers were replaced by stiff bearing carriers, and 
(b) the grooving was resnoved from the origincil stepped interstage seal design 
With these modifications, the HPFTP has been stable over its design speed range. 

^e essential contribution of the seal modification to the elimination of the rotor 
notability was underlined by tests in 1979 on an HPFTP unit which v^irled enthu- 
siastically after the interstage seal clearances were deliberately enlarged. 

Fran a rotordynamics viewpoint, seal analysis has the objective of predictinq 
the influence-coefficients of the following equations: 
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*The work reported herein was sv^jported by NASA Contract NAS8-33176 fron 
Gteorge C. Marshall Space Flight Center, Alabama 35812; Contract Monitor: 
Frank Garcia. 
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as a function of seal operating conditions. Initial analyses and testing for inter- 
stage and wearing seals were pi±>lished by Black et al. [2-5] . Black used the 
following leakage relationship frcm Yamada [6] : 
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vhere ^ is a constant entry-loss coefficient, V is the average fluid velocity, and 
a is the friction- loss coefficient defined by; 


a 



(3) 


In this relationship, L is the seal length, C is the radial clearance, and A. is 

the following function of the axial and circumferential Reynolds nxiribers (R ,R ) : 

3. C 


A = 0.079 

a 

R = 2VC /v, R = RujC /v 
a r ' c r 


(4) 


vJiere v is the fluid's kinematic viscosity, R is the seal radius, and oj is the 
rotor's rotational speed. 


Childs has s\±)sequently developed analyses [7,8] for constant clearance seals 
based on Kirs' turbulent li±>rication equations [9] . These results are similar to 
Black's, but differ in some respects. Their principal advantage is in a direct 
derivation frcan a single set of governing equations. 


Fleming [10] proposed that the direct stiffness of seals could be increased 
by either (a) introducing a step in a constant-clearance seal, or (b) using a 
convergent-taper gecmetry. Childs [11] ccstpleted an analysis for convergent- tapered 
seals which defined all of the dynamic coefficients, and demonstrated that the 
seal taper significantly reduces the seal damping and cross-cov; 5 )led stiffness 
terms, vhile increasing the direct stiffness. Hendricks [12] found in testing 
straight and convergent tapered seals at large eccentricities in liquid hydrogen 
that a slight taper reduced local seal cavitation at the seal exit, and eliminated 
the possibility of a local negative stiffness developing. 

Black's analysis was used initially in predicting the rotorc^Tiamic coefficients 
of the HPFTP interstage seals [1] . His experimental results were for plain 
(constant-clearance) seals having smooth and serrated surfaces, and extended out 
to axial Reynolds numbers on the order of 20,000, as ccmpared to 500,000 for the 
HPFTP. Given that the HPFTP seals differ substantially from those tested by Black 
in both configuration and operating conditions, the decision was made to inpleraent 
a test program to directly measure the forces developed by seals, vhich are geo- 
metrically similar to the HPFTP seals and operating at the same Reynolds number 
conditions. The developniient of a facility to make these measurements together 
with a discussion of seme preliminary results is the si±>ject of this report. 
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fa::ili'iy descripticw 


Test Sec±ion 


The test section design is an extension of an earlier design used in a 
University of louisville test program [13], and is illustrated in Figure 1. Fluid 
center and discharges axially across the two test seals. The seals 
on the right ^ left illustrate, respectively, the current stepped configuration 
ate a proposed convergent-tapered configuration for tlie HPFTP interstage seals. 

The Client test section differs fron that atployed earlier [13] in that it 

^s^les in a mid-plane position, v^iich permits testing of the "slingers" shown 
xn tne riguTG. 

T*,- test-secteon rotor is supported in Torrington hollcw^roller bearinas* [141 
w^ch are ^^ly precise, radially preloaded, and have a predictablfSS repeat- 
able ra^al stiffness. The test seals are mounted eccentrically to the test 

ratateon develops a rotating pressure field that is constant 
w.th respect to a rotor-fixed observer. Axially-spaced kulite strain-gauge pressure 
tranteucers are used to measure the pressure field which is developed by Lai 
rotation. S^l motion is measured by MTI capacitance probes in the vertical ate 
horizontal planes. Inlet and discharge measurements are made of tenperature and 
pressure for use in defining the density ate viscosity of the test fluid. 

electric motor is used to drive the test section frm 
rive rpin to 5300 rpm. A motion transducer, actuated a rotating ten-toothed wheel 
provides a signal for a counter vAiich defines the rpm of the test section. 

J(^ Dressman of the University of Louisville designed the test section and 
supervised its construction. ana 

Test-Fluid Selection 


Ihe v^ hi^ Reynolds numbers encountered in the HPFTP result frcm (a) the 

viscosity of liquid hydrogen, (b) the high-shaft rotational 
speed, ^ (c) tee very large AP's developed by the HPFTP stages. The average 
properties of hydrogen within the HPFTP interstage seals are ^ 

y = 1.16 X 10"^ Ns/m^, p = 71.2 kg/m^ 

V = 1.63 X 10“^ It? /sec. 

For ooirparison, the nominal properties of water at 25 ®C are 
y = 8.9 X 10“^ Ns/m^, p = 1000 kg/m^ 

V = 8.9 X 10 ^ It? /sec. 

Reynolds numbers are inversely proportional to v, an ideal test fluid 
should have a low absolute viscosity and a high density. 


bearings were made available from Torrington, Incorporated through 
the courtesy of W. L. Bowen. 
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The test fluid selected to meet these criteria is bronotrifltjorcnethane, 

CBrF^, vdiich is manufactured as a fire extinguisher fluid (Di;?x)nt FE 1301 or Halon) 
and refrigerant (Freon 13B1) . Its fluid properties at 25®C are [15,16] 

y = 1.54 X 10 Ns/m^, p = 1570 kg/m^, 

V = 1.0 X 10 ^ m^/s. 

This lic[uid actually has a lower kinematic viscosity than liquid hydrogen, and has 
the additional advantage of being nonflammable and nontoxic. The vapor pressure 
of Halon is approximately 200 psi at room tenperature. 

Seal Geometry 

As illustrated in Figure 1, the current fli^t gecmetry uses three constant- 
clearance seal segments separated by two steps. The dimensions of the test seal 
segments cire 


L. (cm) R. (cm) C . (nin) 

X X rx 

1.4986 5.0292 0.5080 

1.5265 4.9682 0.5080 

1.8034 4.9098 0.4826 

The dimensions of the tapered seal are 

L = 4.996 on, R = 5.0292, 

C = 0.5715 mm, C . = 0.4572 mm 
ro ri 

vhere C and C . are the entrance and exit clearances, respectively. These 
dimensi^s yield the following definition for the tapered parameter: 

Relatively speaking, this is a slight taper which shoiiLd [11] sli^tly increase 
K, vhile sli^tly decreasing the remaining coefficients. 

Mechanical System Layout 

Figure 2 illustrates the flow loop used to provide specified flowrates throu^ 
the test-section seals. A six-stage Goulds pump provides the flowrate required. 
Loop flow rate discharges from the punp, and then may split with part of the flow 
going through the test section, and the remciinder proceeding throu^ control 
valves 1 and 3. Two control valves in series are rec[uired to absorb the full 
output pressure of the pump without cavitation. The bypass flow mode is used for 
total test-section flowrate less than 100 gpm, viiioh represents the lowest flowrate 
operating point for the pump. Valve 4 is closed in the bypass mode. As the 
required flowrate increases above 100 gpm, valve 1 is closed and valves 2 and 3 are 
progressively opened. Valve 4, vhich has a larger capacity than the remaining 
valves, is opened to achieve maxiinum flow conditions. Flowrate throu<^ the test 
section seals is measured by Fischer-Porter vortex flowmeters. 
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cnir^i'^S test S^ion fluid is circulated throu^ a heat exchanger, vdiich is 

re^acenent Of rators. Sutalar accumulators are used to transfer fluid back and 

^ delivery tank. In fact, all of tte HaSn SS bT 

pumped back into the delivery tank using the accumulators. 

onmnwf filters illustrated in Figure 2 have a ten micron limit for particles. The 
corplete f low ^stem is stainless steel except for the punp body and the heat 
exchanger so that particle contamination in the test fluid is minimized. 

Control System 

and circ^erential Reynolds numbers are the quantities to be con- 
trolled in the seals. These variables are determined by the pressure and tinoera- 

<«hich define p and 7 ), the Sl^tSionS^ 
sp^ 0 ), and the flowrates through the seals. Control is supplied by mea^s of a 

computer. Control signals ^e generated, ^sed up^n the dit 
f erence tetween a measured R and a specified R , and cause a chance in the 
Masoniellan control values. Active control is ^t entirely closed?loop The 
^rator specifies the number of control cycles to be evaluated by the^computer 
^e c^uter calcul^es the running speed that is required to achieve a s^ifi^ 

R^, and the specified test section speed is set manually. 


DATA ACQUISITICW AND ANALYSIS 


Data Acquisition System 

r ^ ^ recorded consists of the seal motion r^(t) , 

Si ^asurements p. (t) . Five pressure ireasuren^ts arl made for 

forrt^lS^?^! iA, spacing specified by a Gauss-Legendre quadrature 

rrrula U3] . Four additional pressure measurements are made on the stepped seals 
to measure the ^essi^e utmediately upstream and downstream of the steps^ These 
thi? using a 17-channel Physical Data, Inc. recorder. Eadh channel of 

converter with a sanpllng rate up to 2 x 10® Hz, and 

Data Analysis 

As outlin^ yV ' transient data analysis consists of alignment of the 

i^tSStini^h^^ nieasured at various circumferential locations), and 

egr g e pressure signals to obtain the seal force conponents. The test 

SltST^ a synchronous precession of the seals, and the resultant notion nay be 
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(5) 


= A cxDS ( 1 ) t, = A sin w t 

The six coefficients of Eq. (1) can not be separately identified for this type of 
motion. In fact, if Bq. (5) is substituted into Bq. (1) , and the coefficients of 
sin (nJt and cos wt on both sides of Bq. (1) are equated, only two independent 
numbers can be identified. Bor the present study, the two numbers chosen for 
presentation are the radial and circumferential coitponents of the reaction force. 
ETom Equations (1) and (5) these ccirponents may be stated: 

R /A = 1^1 = k - C« - 

( 6 ) 

R /A = = Ml/ - CO) - K . 

^ A^ 

Since the coefficients depend on a, vdiich in turn depends on R = RwC /v, one can 
not generally vary to to obtain additional independent equationS for tfie solution of 
the coefficients. Stated differently, changing to also changes the coefficients. 

An exception to this rule is provided by very high values of R for v^ch a is 
insensitive to changes in to. 


TEST SERIES 

Three rotors were initially manufactured for use in testing the general seal 
configurations of Figure 1, viz , the current flight configuration and a tapered- 
seal alternative. These rotors differ only in the noninal seal eccentricity; 
specifically, they have the following eccentrities and eccentricity ratios: 

(a) Rotor 1, A = .005 in, A/C^ = 0.25, 

(b) Rotor 2, A = .010 in, A/C^ = 0.50, and 

(c) Rotor 3, A = 0.0 in, A/C^ = 0.0. 

The zero eccentricity rotor provides static leakage and pressure gradients only. 
Rotors 1 and 2 provide insight as to the influence of seal dynamic eccentricity on 
test results. The above rotors have been tested over the following nominal axial 
and circumferential Reynolds number ranges: 

R : 50,000, 75,000, 150,000, 325,000, 400,000 

Si 

R^i 40,000, 65,000, 90,000, 115,000, 140,000 

More specifically, a matrix of tests has been carried out such that all of the 

five values of R are obtained for each value of R . 

c a 

Theoretical results [5,7,8] have demonstrated that the cross-coupling terms 
of Eq. (1), i.e., k, c, m, depend on the fluid tangential velocity entering the 
seal. The standard test rig provides minimal pre-rotation of the fluid entering 
the seal. Ifence, rotor 2 was mofified by shrinking on an active "slinger" at the 
entrance to both seals to provide significant flioid pre-rotation. Slingers 
incorporated radial slots and an axial clearance of 0.010 in. for a radial distance 
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of 0.75 inches prior to seal entry. The power requirenents to rotate this rotor 
are oo^xderably higher than the other rotors, and data can only be taken for axial 
Reynolds numbers out to 150,000. 

IWo additional rotors have been manufactured to examine the influence of 
^face rougi^ss on both sealing capability and the seal reaction-force components. 

"aljiost" circumferential grooving pattern with a raninal depth 
of 0.001 and 0.002 inches, respectively. Tlie original, zero eccentric rotor, was 
machined to yield an 0.002 inch surface roughness pattern. All of these rotors have 
been tested over the oonplete Reynolds number range. 

• V. planned tests include machining surface roughness into the housing, 

with the first ^ second machining operations yielding depths of 0.001 and 0.002 
inches, respectively. Ihe following rotors will be tested in these two surface- 
roughened housings: 

(a) Rotor 1 (smooth); A = 0.005 in., 

(b) Rotor 4 (0.001 inches depth); A = 0.003 in., 

(c) Rotor 5 (0.002 inches depth); A = 0.005 in., and 

(d) Rotor 3 (0.002 inches depth); A = 0.0 in. 

Testing of helically g^v^ seals is proposed for the caning year which will 
include a systematic variation in taper cingles, nominal clearances, and groove 
depths. IniUal testing for these seals will be at zero eccentriciUes . 


preliminary results 

^ ^ preliminary stage; hence, the results 
wtoch ^e available for discussion are limited at present to sane static data 

of rotorl ^ pressure gradients) and force magnitude results for the two seals 
Static Results 

Static results were obtained for the stepped and tapered seals of rotor 3, viz., 
rotor. Figures 3 and 4 illustrate the steady-state pressure 
^ ents for ^ stepped and t^^ered seals, respectively, for a range of axial and 

num^s. Each frame of these figure sets niustrates the 
ence of chafes in with held constant, The strain-gauge pressure trans- 
duc^s to obtain these results have an accuracy specifications of .1% of full 
^^e, v^ch amounte to approximately 1 psi. This lack of accuracy is much more 
lb ^ shallow pressure gradients than at high flow rates. 

^ s^ e^t, this explains the more "ragged" nature of the pressure gradients in 

of figures 3 and 4 as cotpared to high flow conditions. 

Each ^ta point in these figures corresponds to an average of 200 samples. 

The pressure gradients of figures 3 and 4 are seen to be more sensitive to 

relatively independent of R^ at higher 
values of R^. This result would oe expected, since from Bqs. (2) and u) 


vAu-ch shows a marked drop in sensitivity with increasing R 
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An c¥>riori analysis of the stepped seal for leakage vrould use Bq. (1) for each 
step yielding the results 

PV? 

APi = "2^ (1 + q + 20^) ; i = 1, 2, 3 


3 

AP = E APjL 
i=l 


w = pV^A^ ; i = 1, 2, 3 


v^iere Aj^ is the area of each annulus. Nontally, one assumes that the entrance loss 
factors are constant, independ^t of and R^, emd range between 0.1 and 0.5. At 
the inlet, the term (1 + represents a velocity head loss due to fluid accel- 
eration plus an entTcince loss r^resented by The follcwing nuiibers for (1 + Cj) 

were cbtained from the data of Figure 3. 


S-Cepperf Seat Vata 


«a 

(1 + 

(1 + 

(1 + K,) 

382,000 

1.129 

.435 

.484 

323,000 

1.129 

.432 

.531 

150,000 

1.255 

.432 

.371 

75,000 

1.681 

.537 

-.178 

50,000 

1.913 

.916 

.999 


These results are fairly regular and consteint over the higher Reynolds nunfcer 
sets, but tend to be erratic over the two lower Reynolds nanber sets. The results 
for Rgj = 75,000 and 50,000 should be viewed with sane skepticism because of the pre- 
viously mentioned accuracy of the pressure transducers. The most unexpected result 
fron Figure 3 is the relatively small pressure gradient across step 1, the entry 
st^, as ooipared to the remaining two steps. Figures 3(a) and 3(b) shew a small 
pressure rise immediately before the first step, vhile figure 3(c) shews a flat 
pressure gradient across the first step. A zero pressure gradient, a = 0, would 
yield a prediction of zero stiffness contribution from the first step. 

For a tapered seal, the stea<fy-state leakage relationship is [ll] 

^ [XTT§p- + 2a + 4q] 

for small q. The experimental results from figures 4(a) - (c) yield the following 
entrance-loss result; 
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1 + ? 

434,000 

0.926 

325,000 

0.996 

150,000 

0.878 


independent of P^, this is not the case in figures 
4(d) ^ 4(e) where the losses increase steadily with Rc. In fact, an inlet pres- 
was m^sured for = 16,890 and = 49,981. 'Hie tapered-seal re- 
^zJroT^ Reynolds numbers are consistent with Fleming's assumption [lO] 

Dynamic Results 

7 "Only a ve^ limited number of dynamic data sets have been reduced. The only 

^ results is that the force mag- 

^ ^Lv, ^ + Rr)^ IS ccxrparable for both the current stepped seal configur- 

A oaiparison of their radlei and tangentiei 
forces ana a coiparison to theory will be forthocniiiq shortly. ^ 


CLOSING STATEMENTS 

A test facility has been developed v^ich has the capability for testina annular 
^ at Heynol^ nutters which are conparable to those S SSSif?S^ 

^s. G^ally speaking, the facility works the way it was expected to and is 
^inr^ to yield the types of static and dynamic test data that are required to 
support theoretical predictions of seal rotordynamic coefficients and leakage. 
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Figure 1. - Test-rig assembly. 
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Figure 2. - Test-facility layout. 
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